HIGHLIGHTS: 21
• The radon profile method for estimating porewater exchange is reviewed 22
• A simple recirculation model is presented to aid in profile interpretation 23
• Uncertainties in the approach are discussed 24 25
INTRODUCTION 51
Water recirculation through permeable sediments enhances the exchange of 52 solutes and fine particles between sediments and overlying waters. In particular, it 53 allows for a continuous supply of oxidants and fine particulate and dissolved 54 matter (e.g. dissolved nutrients, bacteria, viruses, phytoplankton) into sediment 55 porewaters, while enhancing the release of degradation products and organisms 56 into overlying waters (Huettel and Rusch, 2000; Huettel et al., 1996) . As a 57 consequence, porewater exchange is considered a major contributor to the 58 biogeochemical cycling of surface sediments and overlying waters, particularly in 59 the coastal zone (Anschutz et al., 2009; Huettel et al., 2014 Huettel et al., , 1998 Jahnke et al., 60 2005) . Porewater exchange increases in importance in highly-permeable sandy 61 sediments, which cover >40% of coastal and shelf areas worldwide (Riedl et al., 62 1972) , where this advective transport of solutes can exceed fluxes driven by 63 molecular diffusion by several orders of magnitude (Huettel and Webster, 2001) . 64
This advective exchange between porewaters and overlying waters is caused by 65 pressure gradients at the sediment-water interface, which might be forced by 66 several mechanisms spanning a range of spatial and temporal scales, including 67 wave and tidal pumping, interaction of bottom currents and seafloor topography, 68 density instabilities or pumping activities of benthic fauna (bio-irrigation, Huettel 69 et al., 2014; Santos et al., 2012) . For instance, the passage of waves can produce 70 oscillatory flows that interact with bottom topography (e.g. ripples), producing 71 local increases of pressure that drive fluid exchange across the sediment-water 72
interface. In addition, the passage of wave crests and troughs creates pressure 73
Water and solutes are assumed to be perfectly mixed within each cell, and only 164 advective fluxes between the cells are considered. Thus hydrodynamic dispersion 165 is simulated implicitly through mixing within the cells rather than explicitly 166 included in the governing equations. Compartmental mixing cell models have been 167
shown to produce similar results to advective-dispersive models provided that 168 advection is the dominant transport process and that the size of the mixing cell is 169 appropriately chosen (Xu et al., 2007) . 170
The model presented here represents a two-dimensional recirculation cell, in 171 which flow reverses periodically. This type of flow system might be produced by 172 the passage of waves across the water surface, with surface water moving into the 173 sediments beneath the wave peaks (high pressure), and exiting beneath the wave 174 troughs (low pressure). We assume that the vertical scale of the recirculation cell 175 is much greater than the horizontal scale, so that horizontal travel times are 176 negligible (this is discussed further below). The two-dimensional model thus 177 collapses into two one-dimensional profiles that exchange water and solutes. The 178 fully saturated porewater zone is discretized into a number of layers (cells), each 179 of which is assumed to be perfectly mixed. Each cell is assumed to continually 180 exchange water with the cells immediately above and below it (the uppermost cell 181 representing the surface water), and also to exchange water with the cell at the 182 equivalent depth in the adjacent profile (Figure 1 ). The downward flow in one 183 profile is thus balanced by the upward flow in the second profile, and the change in 184 vertical water flux with depth determines the exchange flux between the two 185 profiles. For each profile, we solve 186
where ! is vertical water flux (which is a function of depth), and S is a mass flux 188 term that allows for flow between the upwelling and downwelling profiles. ! is 189 defined so that downward fluxes are positive and upward fluxes are negative. 190
Dispersion is not explicitly simulated, but it is implicitly simulated based on the 191 size of the mixing cells. The relationship between cell size (Δz) and implicit 192 dispersivity (α) is given by (Kirchner, 1998; Shanahan and Harleman, 1984) : 193
The water flux decreases with depth in the downwelling profile, so that for the first 195 profile. S will therefore be positive for downwelling profiles (-S is negative, 206 representing a mass loss) and negative for upwelling profiles (-S is positive, 207 representing a mass gain). 208
The solute mass balance equations are: 209 The upper boundary condition is constant concentration (c=c0). The lower 224 boundary is the concentration of radon in equilibrium with the rate of production 225 (c=γ/λ), although in practice the lower boundary is set to be sufficiently deep so 226 that it does not affect simulation results. The key parameters in the model are the 227 concentration in the overlying surface water (c0), the sediment characteristics (θ, 228 γ), and the characteristics of the recirculation, which include the time for a 229 completed cycle (tr), and the velocity profile qv(i). 230
It should be noted that as the period of the recirculation (tr) becomes small, radon 231 concentrations derived from the oscillating flow model are equivalent to those 232 observed in a simple 1D steady state model with flow occurring simultaneously in 233 both directions. This is given by 234 
where K is the sediment hydraulic conductivity, a is the half-wave amplitude and L 249 is the wavelength (m). interface. 10-mL porewater samples were collected using a gas-tight syringe 276 coupled to the piezometer tubing (minimizing water-air contact) and transferred 277 to 20-mL vials prefilled with a 10-mL high-efficiency mineral oil scintillation 278 cocktail (Cable and Martin, 2008) . Concentrations of radon were analyzed by liquid 279 scintillation counting on a Quantulus 1220 with alpha-beta discrimination 280 counting (background of 0.2-0.4 cpm; efficiency of 1.6-2.2, depending on the 281 quenching factor of the sample). Surface water samples (2 L) were collected using 282 a small submersible pump to minimize the gas loss and analyzed using the radon-283 in-air monitor RAD7 coupled to an extraction system. Samples were decay-284 corrected to the time of collection. 285 286
Model 287
The advective compartmental mixing cell model was programmed into Fortran 95. 288
We used a cell size of Δz = 0.01 m, which is equivalent to an implicit dispersivity of 289 α = 0.005 m. The latter is consistent with a flow length of approximately 0.5 m 290 (Gelhar et al., 1992) . (This is the approximate depth of radon depletion apparent in 291 the measured profiles, and hence also the apparent depth of recirculation.) 292
Temporal discretization was 10 -7 days (0.0086 seconds), but identical results were 293 obtained using smaller values. The model was run for at least 20 days, so that 294 radon concentrations reach dynamic equilibrium and are unaffected by initial 295 conditions. Sediment porosity and radon production rate were both assumed to be 296 constant (i.e., do not vary with depth). 297 298
RESULTS 299
The two porewater profiles Pz1 and Pz2 showed radon concentrations increasing 300 rapidly with depth up to around 30 -50 cm depth. Radon concentrations below 301 these depths were relatively constant, with maximum concentrations of 302 approximately 5000 Bq m -3 and 2500 Bq m -3 for Pz1 and Pz2 respectively, which 303 likely reflect concentrations reaching secular equilibrium. The lower value 304 observed at 0.8 m for PZ1 is likely due to analytical or sampling uncertainty or may 305 reflect a spatial variation in the radon production rate. The difference between the 306 measured radon concentrations at shallow depth and these equilibrium 307 concentrations sustained by the production rate indicates that there is a significant 308 exchange of radon between porewaters and overlying waters. 309 310
Deficit model 311
The radon production rates for the two sites are approximately 900 and 450 Bq m 3 312 d -1 for Pz1 and Pz2, respectively, as derived from the maximum concentrations 313 measured at each site (assuming constant production rates over depth). By 314 applying equation 2 and using a porosity (θ) of 0.4, we estimated a total net flux of 315 radon into overlying waters of 58 and 38 Bq m -2 d -1 for Pz1 and Pz2, respectively. 316
The radon flux estimated here refers to the total net loss of radon from sediments 317 into surface waters and thus includes also the flux of radon supplied by molecular 318 diffusion. The net advective-dispersive flux of radon from sediments can be 319 calculated as the difference between the estimated total flux and the diffusive flux, 320 which can be approximated using Fick's First Law and radon diffusion coefficients 321 corrected for both temperature and tortuosity (~1 × 10 -4 m 2 d -1 ; (Boudreau, 1997 ; 322
Li and Gregory, 1974)). By using the radon gradients over depth measured in the 323 shallowest porewaters (above 20 cm), the diffusive flux is on the order of 10 -1 Bq 324 m -2 d -1 , which is 2 orders of magnitude lower than the total radon flux. Therefore, 325 radon diffusive fluxes in the studied profiles can be neglected and the total 222 Rn 326 flux can be attributed to advective-dispersive fluxes. 327 328
Advection cycling model 329
Observed radon profiles were simulated using constant surface water 330 concentrations of 30 (Pz1) and 90 (Pz2) Bq m -3 , and ! and ! were varied in a 331 trial-and-error fashion, until good fits with observed profiles were obtained. It was 332
found that best-fits to radon profiles were produced with water fluxes that 333 decreased exponentially with depth, and so this was adopted in all simulations. 334
The simulated radon profile for Pz1 is shown in Figure 3 It is also possible to represent the observed radon data in terms of enhanced 382 dispersion coefficients rather than explicitly considering advective fluxes. By 383 equating Equations 2 and 9, we obtain 384
The dispersivity profile can therefore be obtained by approximating . 388
The profile of enhanced dispersion coefficient calculated for profile Pz1 in this way 389 is depicted in Figure 7a . The dispersion coefficient is related to the flux by 390
, where ν is the water velocity. As dispersion will occur under both 391 upward and downward flow, it is therefore related to the recirculation flux 392 according to 393
where ! is the upward or downward flux that occurs during respective upwelling 395 and downwelling phases, and ! is the mean upward or downward flux averaged 396 across the two phases. Thus we can calculate the average flux ! by rearranging 397 equation 12. This is shown in Figure 7b oxygen), for example, will depend on the advective porewater velocities, as well as 500 on the consumption/production rates in the sediment layers . 501
The approaches described in this paper are most appropriate in those systems 502 where the driving force generating horizontal pressure gradients at the sediment-503 water interface oscillates in relatively short temporal scales (seconds to hours). 504
Larger recirculation times (hours to days) would result in profiles that would 505 significantly change depending on the sampling time in relation to the phase of the 506 advection cycle (upwelling or downwelling) (Figure 4) . The proposed approaches 507 are thus best suited to quantifying porewater exchange fluxes produced by the 508 undulating pressure at the seafloor generated by gravity waves interacting with 509 relatively flat sediment surfaces. These models implicitly include the effects of 510 interaction between wave-driven oscillatory flows and seabed morphology, which 511 may significantly enhance water recirculation through sediments, particularly in 512 areas with a water depth shallower than half the wavelength of the wave (Precht 513 and Huettel, 2003) . However, if bedforms (e.g. ripples) are stable on timescales of 514 hours or longer, this might give rise to stable zones of up-and downwelling, and so 515 profiles would vary depending on the area of collection. Note that bottom 516 topography can change significantly over short time scales (e.g. ripple migration), 517 particularly during strong periodic events (e.g. storms) or in areas affected by 518 strong bottom currents Savidge et al., 2008) . Therefore, zones 519 of upwelling and downwelling porewater in permeable sediments would also 520 propagate with ripple migration . This intensive lateral shifting 521 of up-and downwelling zones within the sediment together with horizontal 522 diffusion and dispersivity may contribute to homogenizing the vertical profiles. In 523 a similar manner, areas of preferential resuspension or deposition of sediments 524 could also release or trap significant volumes of porewaters (Santos et al., 2012) , 525 and thus would also result in significantly different porewater profiles depending 526 on the sampling area. Collecting different radon porewater profiles in the same 527 area should provide additional information on the temporal and spatial scales of 528 the driving forces, by identifying the stability of upwelling and downwelling zones. 529
The advection cycling and the dispersion models represent thus a reliable method 530 to characterize water exchange across the sediment-water interface driven by 531 pressure gradients reversing at short temporal scales. Radon has advantages over 532 other porewater tracer approaches, as it is more sensitive to low exchange fluxes 533 than temperature (Briggs et al., 2014) , and is simpler than dye injection 534 approaches. Other methods commonly applied to quantify porewater exchange are 535 not well suited to the estimation of fluxes with such short residence times. In situ 536 seepage meters may alter fluxes above and below the sediment interface due to the 537 presence of the instrument. This might not be significant for fluxes driven by 538 longer-scale pressure changes, but is likely to be important for processes operating 539 on very short time-scales. Tracer mass balances in overlying waters require 540 estimation of the concentration of exchanging water to convert the tracer mass 541 balance to a water mass balance. The appropriate end-member concentration will 542 depend on the hydrodynamic dispersivity for this method, as it does for porewater 543 tracer methods. However, mass balances in overlying waters will have additional 544 uncertainties due to the need to also define other components of the mass balance. 545 546
Model-derived results for La Palme Lagoon 547
The shape of the radon porewater profiles collected in La Palme Lagoon (Figure 2 ) 548 suggests that porewater exchange at the sites sampled is driven by pressure 549 gradients reversing at short temporal scales (up to hours). Larger reversing scales 550 would have produced radon profiles similar to those shown in Figure 4 across the sediment-water interface (Cai et al., 2012 (Cai et al., , 2014 (Cai et al., , 2015 
